We present accurate integrated-light photometry in Johnson/Cousins V , R, and I for a sample of 28 globular clusters in the Magellanic Clouds. The majority of the clusters in our sample have reliable age and metallicity estimates available in the literature. The sample encompasses ages between 50 Myr and 7 Gyr, and metallicities ([Fe/H]) between −1.5 and 0.0 dex. The sample is dominated by clusters of ages between roughly 0.5 and 2 Gyr, an age range during which the bolometric luminosity of simple stellar populations is dominated by evolved red giant branch stars and thermally pulsing asymptotic giant branch (TP-AGB) stars whose theoretical colours are rather uncertain. The VRI colours presented in this paper have been used to calibrate stellar population synthesis model predictions.
INTRODUCTION
One of the predictions of stellar evolution theory is that evolved red giant stars dominate the bolometric luminosity of a simple stellar population (SSP) after a few hundred million years. According to predictions based on canonical stellar models (Renzini & Buzzoni 1986) , the first (and sudden) appearance of a prominent red stellar sequence is that of bright Asymptotic Giant Branch (AGB) stars followed by the development of the Red Giant Branch (RGB), both occurring before an age of 1 Gyr. The onset of the RGB is predicted to occur at an age of about 0.6 Gyr (Renzini & Buzzoni 1986 ) and observational efforts have verified this prediction (e.g., Ferraro et al. 1995 Ferraro et al. , 2004 . However, theoretical modelling of the AGB phase is rather complicated. For example, strong and poorly constrained mass loss and envelope burning affect stellar evolution through the AGB phase (e.g., Iben & Renzini 1983; Wagenhuber & Groenewegen 1998; Girardi & Bertelli 1998; Marigo 2001) . These phenomena hamper a straightforward theoretical prediction of lifetimes and effective temperatures during the thermally-pulsing part of the AGB phase (the ⋆ E-mail (internet): goudfroo@stsci.edu † Visiting Astronomer, Cerro Tololo Inter-American Observatory. CTIO is operated by the Association of Universities for Research in Astronomy (AURA), Inc., under contract to the U. S. National Science Foundation.
so-called TP-AGB phase). Hence, an empirical calibration of the colours of SSPs during this age range is important (see also Renzini 1992; Maraston 1998) .
The globular cluster system of the Magellanic Clouds provides a unique opportunity to study the influence of the AGB phase to the spectral energy distribution of SSPs as a function of age and chemical composition. Globular clusters in the Magellanic Clouds cover a wide range in age and metallicity, and clusters with ages between 0.1 and 2 Gyr are present in significant numbers (e.g., Searle, Wilkinson, & Bagnuolo 1980; Elson & Fall 1985; Sagan & Pandey 1989; Frogel, Mould, & Blanco 1990; Girardi et al. 1995) . Maraston (1998) presented SSP models whose calibration matches the energetics and colours of globular clusters in the Magellanic Clouds. The onset of the TP-AGB phase occurs at ∼ 0.2 Gyr and lasts until ∼ 2 Gyr. During this age range, TP-AGB stars dominate the near-IR and even the bolometric light of SSPs (Maraston 1998) .
The age range of 0.2 − 2 Gyr, during which AGB stars are expected to dominate the light, is of strong interest and significance to several popular topics in present-day astronomy and astrophysics. For example, it is similar to the crossing time of galaxy-sized stellar systems, which is a measure of the formation timescale of a galaxy. Modern observational facilities like the Hubble Space Telescope (HST), the Spitzer Space Telescope and 10-m-class ground-based telescopes have been able to identify various populations of faint galaxies at high redshift (z > ∼ 1), for which the accuracy of c 0000 RAS age determination is relevant to testing the predictions of various galaxy formation scenarios (see also . This age range is also very relevant to the identification and study of post-starburst galaxies and merger remnants (e.g., Whitmore et al. 1993; Schweizer et al. 1996; Maraston et al. 2001; Goudfrooij et al. 2001a,b, and references therein) .
The models by Maraston (1998) were calibrated in the U , B, V , J, H, and K passbands. In order to allow for a wider calibration of SSP models, we have obtained integrated-light photometry in the V , RKC, and IKC bands of 28 clusters in the Large and Small Magellanic Clouds (hereafter LMC and SMC). We use digital CCD imaging and employ a range of aperture sizes in order to evaluate the aperture size dependence of cluster colours and their uncertainties. In contrast, virtually all previous studies used single-aperture photometry or photographic plates.
Our photometry has already been used by Maraston (2005) for calibrating her SSP models in the full wavelength range from U to K. The influence of TP-AGB stars are found to be significant in both the R and I passbands (cf. Fig. 19 in Maraston 2005) . In this paper we present the full data set.
To our knowledge, this is the first study to present integrated magnitudes in the R-and I bands for any LMC globular cluster and for several SMC globular clusters as well. Among the Johnson-Kron-Cousins passbands in the optical, R and I are most affected by the AGB phase of stellar evolution. Hence, a calibration of these passbands are important for proper identification of faint young galaxies at cosmological redshifts (1 < ∼ z < ∼ 6) through photometric redshift and spectral energy distribution studies in the near-IR and mid-IR.
Sample selection
Taking the sample of bright globular clusters studied by Frogel et al. (1990) as a starting point, we selected a sample of star clusters with Searle, Wilkinson & Bagnuolo (1980, hereafter SWB) types between III and VI with the purpose to select clusters in the age range of 0.3 < ∼ t < ∼ 2 Gyr (e.g., Frogel et al. 1990) , which is relevant to constraining the influence of AGB stars on the integrated colours of stellar populations. Care was taken to select a suitably high and approximately equal number of clusters in each SWB type between III and VI. As individual clusters have masses of a few 10 4 M⊙ and lifetimes of luminous AGB stars are quite short ( < ∼ 10 7 yr), stochastic fluctuations strongly affect the observed number of AGB stars per cluster (see also Maraston 1998; Bruzual & Charlot 2003) . Hence, the selection of several clusters in each SWB type allows one to set empirical constraints on such stochastic effects as a function of age. Relevant global parameters of the star clusters in our sample are listed in Table 1 .
OBSERVATIONS AND BASIC DATA REDUCTION
Observations were performed during two runs at the 0.9-m telescope of Cerro Tololo Interamerican Observatory (CTIO) in f/13.5 mode using the CCD imager and a dedicated 2048x2048 SITe CCD, which was employed in gain setting 2 (1.5 e − /ADU), yielding a read noise of 3.6 e − per pixel. With a plate scale of 0.
′′ 40 pixel −1 , the field of view is 13.
′ 6 × 13. ′ 6. Images were taken through Johnson V and Kron-Cousins R and I filters. Other details on the observation runs are listed in Table 2 .
Bias and dome flat images as well as images of the sky during twilight ("sky flats") were acquired daily and used for basic CCD calibration using the ccdproc package of IRAF. During acquisition of the sky flat frames, care was taken to acquire several images per filter with 10-arcsecond offsets of the telescope between images so that any stars in the field as well as bad pixels and cosmic ray hits could be eliminated during image combination and smooth illumination correction frames could be created. Standard star fields from Landolt (1992) with an appropriate range of intrinsic colours were observed several times per night to derive photometric transformation equations and extinction corrections. Typically, a total of three or four standard star fields were observed two or three times each per night. The log of Magellanic cloud star cluster observations is listed in Table 3 .
Each target globular cluster was centered roughly 2 arcmin away from the centre of the CCD in order to maximize the area usable for the determination of the background level (see Sect. 3 below), yet still cover the full spatial extent of the target clusters. Multiple exposures were taken through each filter. The telescope was offset by 5 arcsec between each exposure, which facilitated the elimination of cosmic ray hits and hot pixels during image combination. The latter was done using iraf task imcombine using the crreject option after having aligned the subimages in each filter to a common coordinate system using centroids of relatively isolated stars in the field. The alignment accuracy was always better than 0.05 pixels in each axis.
The weather during the January 2002 run was photometric, and the photometric zeropoint calibrations stayed constant throughout that run to within 0.01 mag. The December 2004 run, which was performed in service mode operated by the SMARTS 1 consortium, suffered from nonphotometric weather. The photometric transformation equations for these images were derived by comparing observed count rates of several tens of stars in the field of view of each cluster image with V and I-band photometry published by Zaritsky et al. (2002; and R-band photometry by Massey (2002) as follows. We first selected stars from the Zaritsky et al. and Massey catalogs with celestial positions between 3 and 10 arcmin away from the cluster centre positions. The latter were taken from Bica et al. (1999) for the LMC clusters and Welch (1991) for the SMC clusters. (The inner radius threshold of 3 arcmin was put in place to avoid the crowded areas near the cluster centres.) The astrometric zeropoint offset between the Zaritsky et al. and Massey catalogs and the world coordinate system of our images was determined for each cluster by identifying (by eye, using the ESO skycat tool) a star in those catalogs located near the centre of our image and measuring the pixel location of the centroid of that star on our image. Estimated pixel positions of all other stars (selected as mentioned above) around the (2) and (3): Right Ascension (given as hours, minutes, and seconds) and Declination (given as degrees, arcminutes, and arcseconds)) in J2000.0 equinox, both taken from Welch (1991) for the SMC clusters and from Bica et al. (1999) for the LMC clusters. Column (4): SWB type from Frogel et al. (1990) or Bica et al. (1996) . Column (5): Logarithm of age from literature. Column (6): Age reference code (see below). Column (7) (9) and (10): Assumed foreground extinction in V -band and its uncertainty, derived from data in Zaritsky et al. (2002; , made available through http://ngala.as.arizona.edu/dennis/lmcdata.html. Entries with asterisk superscript were derived using Schlegel et al. (1998) . See text in Sect. 3.3. References: (1) Mighell et al. (1998) ; (2) Girardi & Bertelli (1998) ; (7) Geisler et al. (1997) ; (8) Dirsch et al. (2000) ; (9) Elson & Fall (1988) ; (10) Rich et al. (2001) ; (11) Elson (1991) ; (12) Olszewski et al. (1991) ; (13) Cohen (1982) ; (14) Hill et al. (2000) ; (15) Hodge (1984) ; (16) Schommer & Geisler (1988). cluster in question are then calculated. This list of pixel positions is subsequently used as input to the daophot-ii package (Stetson 1987) as implemented within iraf to calculate aperture photometry for those stars on our images. Comparing the input list of pixel positions with positions in the final list of instrumental magnitudes of those stars shows that the positional agreement was better than 1.5 pixels RMS in all cases, good enough to avoid confusion due to crowding. Aperture corrections are derived separately for each filter and each cluster by using curve-of-growth measurements for several isolated stars in the field. Finally, photometric transformation solutions were derived separately for each cluster observed during the Dec 2004 run. These solutions involved a zero-point term and one linear colour term (using V −I for V and I and V−R for R). The RMS uncertainty of these photometric solutions ranges between 0.01 and 0.04 mag, which is smaller than other sources of error in the measurement of integrated cluster colours (see below). 
INTEGRATED-LIGHT CLUSTER PHOTOMETRY

Measurement technique
The measurement of integrated magnitudes and colours of globular clusters in the Magellanic clouds is complicated by several factors. One problem is that of accurate centering of the measurement aperture. Many of these clusters are superposed onto a relatively high surface density of stars associated with the LMC or SMC, and some have a rather irregular star distribution and/or are not particularly symmetric due to the superposition of bright stars (be it supergiants or AGB stars within the cluster itself, those associated with the body of the LMC or SMC, or Galactic foreground stars). On the other hand, it should be recognized that the use of CCD images in this context renders these problems much less severe than they were for previous studies which used single-channel photometers and diaphragms which were centered by eye or by maximum throughput. After some experimentation, we decided to employ the following centering method for each cluster. Using the point spread function-fitting mode of the daophot-ii package, we first removed stars brighter than the magnitude of an O9 supergiant star (MV = −6.4, Schmidt-Kaler 1982) at the distance of the LMC or SMC (for this purpose we adopt (m − M ) = 18.24 for the LMC and (m − M ) = 18.75 for the SMC; Udalski 2000) from the V -band image. In order to determine a proper luminosity-weighted centre, we then convolved this image by a series of circular Gaussians with standard deviations of 20 through 60 pixels (i.e., 8 through 24 arcsec), and the centroids of the clusters (and their uncertainties) were measured for each, starting with an initial guess estimated by eye. The final cluster centre was defined as the mean centroid weighted by the inverse variances of the individual centroid fits. The standard error of the cluster centre was taken to be the standard deviation of the list of cluster centres as derived above.
Since globular clusters vary significantly in size, we chose to measure the cluster photometry using several aperture sizes, including the (typically single) aperture size used by previous studies to allow a simple comparison. The apertures are circular and the same for all filter bands. The subtraction of "background" light not belonging to the target clusters themselves (i.e., sky, Galactic foreground stars, and the diffuse stellar population associated with the LMC or SMC at the location of the target clusters) was performed as follows. We started out with the images from which single stars brighter than the equivalent of MV = −6.4 were removed (see above). Areas affected by CCD saturation or obvious scattered light from internal reflections due to the presence of bright stars were also flagged and excluded from background level measurements. The mean background level (and its uncertainty) was measured from the (remaining) area on the cluster images away from the cluster centre by 3 arcmin (i.e., ∼ 40 pc) or more. In the cases where more than one cluster is present on the image (e.g., NGC 1755, NGC 2058, NGC 2065), we also excluded pixels within 3 arcmin from those clusters. To arrive at the final cluster count rates in each filter, this mean background level was multiplied by the number of pixels in a given source aperture and subtracted from the summed cluster counts within that aperture. Uncertainties for the final cluster magnitudes and colours were estimated by remeasuring cluster count rates through apertures centred on 4 distinct positions away by 3 σ from the derived cluster centre and adding the formal uncertainty of the photometric calibration in quadrature. The final magnitudes and colours of the target clusters are listed for aperture radii of 30 ′′ , 45 ′′ , 60 ′′ , and 100 ′′ in Table A1 (in the Appendix). Magnitudes and colours for other radii can be provided by the first author on request.
Comparison with previous studies
We obtain an external measure of the accuracy of our measurements by comparing our results with previous studies. As we found no prior integrated photometry in the R-and I-bands for our LMC clusters in the literature, we limit this comparison to one with V magnitudes from the large compilation of integrated UBV photometry by van den Bergh (1981), which contains V -band data for all clusters in our sample. This comparison is shown in Figure 1 . We derived V magnitudes for our data using the aperture radii listed in Tables 2 and 3 of van den Bergh (1981) for the purpose of this comparison. As van den Bergh did not provide photometric uncertainties for the data he compiled, the error bars plotted in Figure 1 only reflect our uncertainties. In any case, it can be seen that the data agree very well with each other. The formal difference in V magnitudes, ∆V ≡ V this paper −V van den Bergh = −0.03±0.04 where the error estimate represents the mean error of the mean. There is one outlier, which is the young cluster NGC 2058, where we measure a significantly brighter V magnitude than van den Bergh. NGC 2058 is located in a rather crowded region of the LMC with significant variations in the surface brightness of the field population outside the cluster. It is also surrounded by neighbouring clusters. To understand this discrepancy, we investigated three possibilities: (i) An unfortunate miscentering of the aperture used by the single-channel photometry reported in van den Bergh (1981) , which might have been the case if the aperture was centered using a blue-sensitive eyepiece at the time (single bright young stars located off the cluster centre might cause such an effect; see Pessev et al. (2006) for illustrations of this effect in the near-IR). However, in order to arrive at van den Bergh's V magnitude, we find that one would have to locate the aperture ∼ 32 ′′ off the cluster centre, which is half the diameter of the van den Bergh aperture. This seems unlikely, but cannot be ruled out a priori. (ii) An unfortunate placement of the background aperture of the measurement of NGC 2058 in van den Bergh's compilation onto a neighbouring (e.g., faint) star cluster. However, we could only account for an error of 0.45 mag that way (placing the background aperture centered on the brightest neighbouring cluster on the CCD), which is still 0.55 mag short of explaining the discrepancy. (iii) An unfortunate error in our photometric calculations. However, we did double-check our measurements, and the V -band magnitudes of all other clusters observed during the same night (for which the photometry was derived in the exact same way as for NGC 2058) are consistent with those listed in van den Bergh (1981) . We conclude that in the absence of knowledge of the location of the object and background apertures for NGC 2058 in the van den Bergh (1981) compilation, it is impossible to pinpoint the reason for this discrepancy. For now, we suggest that it may be at least partly due to aperture miscentering and/or unfortunate background aperture placement as described above.
For the SMC clusters in our sample, we compare our V magnitudes and V − I colours with those measured by the recent CCD imaging study of Rafelski & Zaritsky (2005, hereafter RZ05) in Fig. 2 . As RZ05 used cluster radii from Hill & Zaritsky (2006) for their UBVI measurements, we did so too for this comparison. The agreement in both V magnitudes and V − I colours is within the uncertainties, which is encouraging since they used a similar measurement method. The formal differences in V magnitudes and V −I colours are ∆V ≡ V this paper − VRZ05 = −0.06 ± 0.03 and ∆(V − I) ≡ (V − I) this paper − (V − I)RZ05 = −0.01 ± 0.01, respectively, where the error estimates represent the mean error of the mean. The average errors of the ∆V and ∆(V−I) values themselves are 0.34 mag and 0.12 mag, respectively.
Extinction Corrections
Cluster extinction values were obtained from two independent studies : Schlegel, Finkbeiner, & Davis (1998) , and Zaritsky et al. (2002; . While the Schlegel et al. (1998) measurements cover the whole sky and use direct measurements of dust emission, it has been recognized that their extinction maps are rather uncertain in the inner regions of the Magellanic Clouds due to the lack of adequate temperature structure resolution by DIRBE and the fact that their extinction values might be systematically underestimated due to the possible presence of cold dust invisible to IRAS. With this in mind, our adopted extinction values were determined primarily from the measurements of Zaritsky et al. (2002; which are based on stellar atmosphere model fits to UBVI photometry of thousands of individual stars across the SMC and LMC. We chose to derive extinction values from the "cool" stars (T eff < 10 4 K) in the Zaritsky et al. surveys. This choice was made after considering that (i) our objects are all significantly older than 10 Myr, and (ii) the U -band photometry from Zaritsky et al. is significantly less deep than their B, V , and I-band photometry, rendering their stellar atmosphere model fitting procedure to be typically more precise for cooler stars. The clusters were assigned an extinction value that is the mean of the distribution of values returned by the Zaritsky et al. method, while its uncertainty was assigned the mean error of that mean value. We ended up using a search radius of 5 ′ around the center coordinates of the target star clusters, as the use of smaller search radii sometimes returned rather few stars with extinction estimates. From experimentation with different values of the search radius, we estimate the systematic uncertainty of the AV extinction values listed in Table 1 to be within 0.02 mag. For those target clusters not covered by the Zaritsky et al. surveys (whose AV values are indicated with asterisk superscripts in Table 1 ), we use extinction values from Schlegel et al. (1998) and correct them to the Zaritsky et al. extinction scale by adding the mean difference of AV values for clusters for which both extinction values are available. This mean difference was determined Schlegel et al. (1998) were assigned the mean uncertainty of the extinction values derived from the Zaritsky et al. surveys in the SMC or LMC, depending on the cluster in question, with the 0.01 mag of uncertainty mentioned above added in quadrature. The conversion of AV values to AR and AI was done using the formulae in Cardelli, Clayton, & Mathis (1989) with RV = 2.7 and 3.4 for the SMC and LMC, respectively (Gordon et al. 2003) . We used reference wavelengths of 6407 A and 7982Å for the Kron-Cousins R and I bands, respectively (Bessell 1990 ). The final extinction values are listed in Table 1 . Dereddened cluster colours (V −R)0 and (V −I)0 are listed in Table A1 .
CONCLUDING REMARKS
We have presented accurate integrated-light photometry in Johnson/Cousins V , R, and I for a sample of 28 globular clusters in the Magellanic Clouds, most of which have reliable age and metallicity estimates available in the literature. The sample encompasses estimated ages between 50 Myr and 7 Gyr, and metallicities ([Fe/H]) between −1.50 and +0.01 dex. The sample is dominated by clusters of ages between roughly 0.5 and 2 Gyr, an age range during which the bolometric luminosity of simple stellar populations is dominated by AGB stars whose theoretical colours are rather uncertain. Hence, an empirical calibration of the colours of SSPs during this age range is important. Indeed, the data presented here have recently been used by Maraston (2005) to update the calibration of SSP models, finding that the influence of AGB effects is significant in R and I. To our knowledge, this is the first study to present R-band photometry for any cluster in our sample, and I-band photometry for any LMC cluster. c 0000 RAS, MNRAS 000, 000-000 
